PURPOSE. Tubby-like proteins (TULPs) are a family of four proteins, two of which have been linked to neurosensory disease phenotypes. TULP1 is a photoreceptor-specific protein that is mutated in retinitis pigmentosa, an inherited retinal disease characterized by the degeneration of rod and cone photoreceptor cells. To investigate the function of TULP1 in maintaining the health of photoreceptors, the authors sought the identification of interacting proteins. METHODS. Immunoprecipitation from retinal lysates, followed by liquid chromatography tandem mass spectrometry and in vitro binding assays, were used to identify TULP1 binding partners. RT-PCR was performed on total RNA from wild-type mouse retina to identify the Dynamin-1 isoform expressed in the retina. Immunocytochemistry was used to determine the localization of TULP1 and Dynamin-1 in photoreceptor cells. Electroretinography (ERG) and light microscopy were used to phenotype tulp1 Ϫ/Ϫ mice at a young age.
RESULTS.
Immunoprecipitation from retinal lysate identified Dynamin-1 as a possible TULP1 binding partner. GST pull-down assays further supported an interaction between TULP1 and Dynamin-1. In photoreceptor cells, Dynamin-1 and TULP1 colocalized primarily to the outer plexiform layer, where photoreceptor terminals synapse on second-order neurons and, to a lesser extent, to the inner segments, where polarized protein translocation occurs. ERG analyses in young tulp1 Ϫ/Ϫ mice indicated a decreased b-wave at ages when the retina retained a full complement of photoreceptor cells. CONCLUSIONS. These data indicated that TULP1 interacts with Dynamin-1 and suggested that TULP1 is involved in the vesicular trafficking of photoreceptor proteins, both at the nerve terminal during synaptic transmission and at the inner segment during protein translocation to the outer segment. These results also raised the possibility that normal synaptic function requires TULP1, and they motivate a closer look at synaptic T he Tubby-like protein (TULP) family is found in multicellular organisms of both the plant and the animal kingdoms. In vertebrates, there are four members of the family: TUB, TULP1, TULP2, and TULP3. 1 TULPs are localized primarily to neuronal tissues. TUB and TULP3 are widely distributed throughout the central nervous system, and TULP1 and TULP2 are restricted largely to the photoreceptors of the retina and testis, respectively. [1] [2] [3] [4] [5] [6] Though not well understood, TULPs appear to play an important role in neuronal development and function. In fact, two family members have been linked to neurosensory disease phenotypes, including photoreceptor degeneration. Mice homozygous for a mutation in the tub gene develop retinal and cochlear degeneration and adult-onset obesity associated with insulin resistance. 4, 7, 8 Mutations in human TULP1 cause retinitis pigmentosa, a heterogeneous group of inherited retinal diseases in which the rod and cone photoreceptor cells degenerate, leading to blindness. 9 -12 Mice lacking TULP1 also develop early-onset, progressive, pan-retinal degeneration involving rod and cone photoreceptor cells. 13 ,14 TULP3 appears to be required for normal neural development because tulp3 Ϫ/Ϫ mice die at embryonic day 14. 15 Embryos have numerous nervous system defects, including failure in neural tube development and increased neuronal apoptosis. Taken together, results from the analyses of TULP genes suggest that their primary site of action is in neuronal cells.
The role of TULPs in the nervous system remains unclear, though a variety of functions have been postulated for TUB, including vesicular trafficking, 16 mediation of insulin signaling, 17 gene transcription, 18 G-protein signaling, 19 and ribosomal RNA synthesis. 5 TULP1 is located exclusively in photoreceptors, localizing in the inner segments and connecting cilium, perikarya, and outer plexiform layer (OPL). 13, 14, 20 TULP1 is a cytoplasmic protein that associates with cellular membranes and the actin cytoskeleton. 21 These results, and observations that rod and cone opsins are mislocalized in tulp1 Ϫ/Ϫ photoreceptors, which also develop an abnormal accumulation of rhodopsin-bearing extracellular vesicles surrounding the ellipsoid region of the inner segments, have led us to hypothesize that TULP1 may be involved in actin cytoskeletal functions such as protein trafficking that take place at or near the plasma membrane from the inner segment through the connecting cilium into the outer segment of photoreceptor cells. 13, 20, 21 A critical step toward understanding the physiology of TULPs and how TULP1 maintains the health of the photoreceptor cells would be the identification of TULP1 binding partners. In the present study, we show that TULP1 binds the neuronal-specific protein Dynamin-1 and that it colocalizes with Dynamin-1 at the OPL and inner segments of photoreceptors. Dynamin-1 is a GTPase involved in vesicular formation, trafficking, and recycling. Studies indicate that Dynamin-1 has roles in endocytosis, vesicle formation, and movement at the trans-Golgi network (TGN) and plasma membrane and in vesicle recycling at neuronal synapses. Consistent with a role for TULP1 at the photoreceptor-to-bipolar cell synapse, our current data show that the bipolar cell contributions to the electroretinogram (ERG) are markedly reduced in young tulp1 Ϫ/Ϫ mice that retain a full complement of photoreceptor cells. The current data provide the first indication of a molecular pathway in which TULP1 may be involved, and they are consistent with the hypothesis that TULP1 is a member of the molecular machinery required for the polarized vesicular translocation of proteins, within photoreceptor outer segments and terminals.
METHODS

Mice
The generation of tulp1 Ϫ/Ϫ mice has been described previously. 13 Homozygote tulp1 Ϫ/Ϫ mice and wild-type littermate controls were derived from tulp1 ϩ/Ϫ heterozygous mating and were identified by PCR amplification of genomic DNA, as previously described. 13 All experiments on animals were approved by the Institutional Animal Care and Use Committee of the Cleveland Clinic Foundation and were performed in compliance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Immunoprecipitation and Protein Identification
Immunoprecipitation (IP) experiments were performed as previously reported. 21, 22 In brief, two bovine retinas were homogenized and lysed in 5 mL NP-40 lysis buffer supplemented with protease inhibitors. The suspension was centrifuged, and the supernatant was removed from the pellet. The retinal lysate was used for IP analysis with the polyclonal antibody M-tulp1N. 20 Total retinal lysate protein (1 mg), determined by Bradford method, was added to 50 L M-tulp1N coupled to the protein A beads. The binding reaction occurred overnight at 4°C. As a negative control, protein A beads alone were allowed to bind to retinal lysate. Reactions were centrifuged, supernatants were removed, and beads were washed and resuspended in lysis buffer. Immunoprecipitated antigens were fractionated by SDS-PAGE on a 10% gel. The gel was stained with colloidal Coomassie blue (Gel Code Blue; Pierce, Rockford, IL), and the bands were excised for in situ tryptic digestion and mass spectrometric analysis. Identification of proteins by liquid chromatography tandem mass spectrometry (LC MS/MS) was performed with a quadrupole time-of-flight (QTOF) instrument equipped for exact mass, high-sensitivity LC MS/MS analysis (CapLC System; Waters Corporation, Milford, MA), as described previously. [21] [22] [23] [24] 
Isolation of RNA and Generation of Dynamin-1 cDNA
Total RNA from wild-type mouse retina was isolated (Trizol; Gibco, Grand Island, NY) according to the manufacturer's instructions. Total RNA was used for reverse transcription (RT) in a 25-L reaction using a primer specific to the 3Ј untranslated region of mouse Dynamin-1 (accession no. NM010065; 5Ј ttagaggtcgaaggggggcct 3Ј). First-strand cDNA synthesis was performed (AMV First-Strand cDNA Synthesis Kit; Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. The RT sample (2 L) was used to PCR amplify full-length mouse Dynamin-1 cDNA using the GC-RICH PCR System (Roche, Indianapolis, IN) in a 50-L reaction. The 5Ј PCR primer was complementary to the initiation sequence, and the 3Ј PCR primer included the corresponding stop codon of all Dynamin-1 isoforms (sense primer, 5Јcatgggcaaccgcg-gcatggaagac 3Ј; antisense primer, 5Ј tcagagcctggctttgccagcgcg 3Ј). Automated DNA sequencing of the PCR product was performed to confirm that the complete and correct Dynamin-1 cDNA was isolated.
Western Blot
Western blot analysis was performed as previously described. 20 -22 Briefly, proteins were separated on SDS-polyacrylamide gels and electroblotted to polyvinylidene difluoride (PVDF) membranes. Membranes were incubated with primary antibodies, followed by peroxidase-conjugated secondary antibodies, and were detected by chemiluminescence.
Construction of Plasmids
The full-length mouse Dynamin-1 cDNA isolated from retina (amino acids 1-814) was subcloned into the SmaI site of the pGEX-2TK vector (designated GST-Dyn1), and the correct fusion of the construct was verified by automated sequencing. The full-length Dynamin-1 construct was used as a template to generate three different Dynamin-1 domain constructs. Primers 5Ј catgggcaaccgcggcatggaagac 3Ј and 5Ј ttagaccagaatctcatcctggttccc 3Ј were used to amplify the N-terminal domain consisting of the GTPase domain (amino acids 1-520, designated GSTDyn1-N). Primers 5Ј cgtcagcacgcccatgcccccgccc 3Ј and 5Ј tcagagcctggctttgccagcgcg 3Ј were used to amplify the proline-rich domain (PRD) (amino acids 750 -814, designated GST-Dyn1-PRD). Primers 5Ј cattcgaaaggggtggttgaccatc 3Ј and 5Ј tcagagcctggctttgccagcgcg 3Ј were used to amplify the C-terminal domain consisting of the pleckstrin homology (PH) domain, the GTPase effector domain (GED), and the PRD domain (amino acids 521-814, designated GST-Dyn1-C). DNA constructs were verified by automated sequence analysis.
Glutathione S-Transferase Pull-down Assay
Wild-type and domain specific glutathione S-transferase (GST)-Dynamin-1 fusion constructs were expressed as proteins in the Escherichia coli BL21 strain. Cells were sonicated in buffer (PBS, 1% Triton X-100, and proteinase inhibitors) and centrifuged (16,000g for 15 minutes), and the clarified cell lysate was incubated with 50 L glutathione-Sepharose 4B beads at room temperature for 1 hour, washed 3 times with PBS, and resuspended in 50 L buffer (50 mM Tris, pH 7.5, 100 mM NaCl, 15 mM EDTA, 0.1% Triton X-100, 1 mM dithiothreitol [DTT] , and proteinase inhibitors). The integrity and purity of each GST fusion protein was analyzed by SDS-PAGE and Coomassie staining. Each GST fusion protein bound to glutathione-Sepharose beads (approximately 10 g) was incubated with bovine retinal lysate (approximately 1 mg total protein in 300 L buffer) at 4°C overnight with gentle rotating. Approximately equal amounts of each GST fusion protein were used. Beads were then pelleted, washed 3 times in PBS, resuspended in 50 L SDS sample buffer, and analyzed by SDS-PAGE on 10% gel, and immunoblotted with TULP1 primary antibodies.
Immunocytochemistry
Mouse eyes were fixed in 4% paraformaldehyde in PBS for 30 minutes. After removal of the cornea and lens, the posterior pole was immersed through a graded series of sucrose solutions as follows: 10% for 1 hour, 20% for 1 hour, and 30% overnight. The posterior pole was embedded in OCT freezing medium, frozen, and sectioned at 10-m thickness with a cryostat (Leica, Wetzlar, Germany). Retinal sections were blocked in 5% goat serum before incubation with antibodies. TULP1 was stained using polyclonal M-tulp1N antibody at 4°C overnight; this was followed by incubation with goat anti-rabbit IgG (Alexa Fluor 488; Molecular Probes, Eugene, OR) for 1 hour. Dynamin-1 was stained using a monoclonal antibody (Hudy 1; Upstate Biotechnology, Lake Placid, NY) at 4°C overnight, followed by incubation with goat anti-mouse IgG (Alexa Fluor 532; Molecular Probes) for 1 hour. Sections were then rinsed 3 times with PBS and coverslipped with mounting medium with DAPI (Vectashield; Vector Laboratories, Burlingame, CA). Sections were examined with a fluorescent microscope (Microphot-2; Nikon, Tokyo, Japan) equipped with a CCD camera (SPOT 2; Diagnostic Instruments, Sterling Heights, MI).
Electroretinography
ERGs were recorded from tulp1 Ϫ/Ϫ and control (tulp1
littermates at postnatal day (P)12 and P15. After overnight dark adap- tation, mice were anesthetized with ketamine (80 mg/kg) and xylazine (16 mg/kg). Eye drops were used to anesthetize the cornea (1% proparacaine HCl) and to dilate the pupil (1% tropicamide, 2.5% phenylephrine HCl, 1% cyclopentolate HCl). Mice were placed on a temperature-regulated heating pad throughout the recording session. ERGs were recorded using a stainless steel electrode that made contact with the corneal surface through a thin layer of 0.7% methylcellulose. Needle electrodes placed in the cheek and the tail served as reference and ground leads, respectively. Responses were differentially amplified (0.3-1500 Hz), averaged, and stored using a signal averaging system (UTAS E-3000; LKC Technologies, Gaithersburg, MD). ERGs were recorded to flash stimuli presented in a ganzfeld (LKC Technologies).
Light Microscopy
At the completion of the ERG session, mice were euthanatized by cervical dislocation and the eyes were fixed in 2% paraformaldehyde, 2% glutaraldehyde. After overnight fixation, the anterior segment was removed, and the retina was rinsed 3 times with 0.1 M PO 4 buffer, followed by postfixation in 1% OsO 4 for 30 minutes. The retina was dehydrated in a gradient series of ethanol, rinsed 3 times with propylene oxide, and infiltrated overnight in a 1:1 mixture of propylene oxide and Epon. The next day the tissue was embedded in Epon.
RESULTS
Identification of Dynamin-1 as a TULP1 Binding Partner
To identify retinal proteins that interact with TULP1, TULP1 was immunoprecipitated from bovine retinal homogenates using M-tulp1N antibodies and coprecipitating proteins identified by mass spectrometry. 22 Four independent IP experiments were performed. Figure 1 shows a representative SDS-PAGE result. Bands from the IP lane were excised, and proteins were identified by LC MS/MS sequence analysis. The major band in the TULP1 immunoprecipitates at approximately 70 kDa was identified in all four independent IP experiments as TULP1 by MS/MS sequence analysis, yielding six tryptic peptides covering 13.5% of the protein. The major band present in the control lane at approximately55 kDa was identified as tubulin, whereas no peptide match was identified for the band at approximately 30 kDa. Figure 1 shows that additional bands were detected in the TULP1 protein complex. The major band at approximately 95 kDa was identified in all four independent IP experiments as Dynamin-1 by MS/MS sequence analysis of up to 16 tryptic peptides covering 23.7% of the protein. Given that Dynamin-1 was identified in multiple IP experiments, we further pursued this interaction by performing pull-down assays. Reciprocal experiments attempting to immunoprecipitate TULP1 from retinal lysate with Dynamin-1 antibodies were unsuccessful. The inability of Dynamin-1 antibodies to immunoprecipitate TULP1 in our experiments could be attributed to several factors. First, Dynamin-1 might have had a stronger affinity for other proteins than TULP1. Second, the Dynamin-1 antibodies were not appropriate for IP studies (e.g., the epitope was masked or structurally modified by protein interactions). Third, the experimental conditions were not optimized to detect an interaction. In Figure 2A , retinal lysates were incubated with TULP1 antibodies coupled to protein A beads, and Dynamin-1 was detected by Western blot of the immunoprecipitated products. Dynamin-1 was not detected in the control lane isolating the immunoprecipitated products from protein A beads alone, demonstrating little, if any, nonspecific interaction between Dynamin-1 and the protein A beads. In Figure 2B , bovine retinal lysates were incubated with a fusion protein of GST and Dynamin-1 (GST-Dyn1) or with GST alone. GST-Dyn1 or GST and their associated proteins were isolated from the lysates with glutathione-Sepharose and were then detected with TULP1 antibodies. TULP1 immunoreactivity was present only in the sample incubated with GST-Dyn1 and not in the sample incubated with GST alone. These data provide further supporting evidence that TULP1 and Dynamin-1 interact.
Retina-Specific Dynamin-1 Isoform
Dynamin-1 is predicted to have four known domains, each with different functions and binding partners. 25 We sought to determine whether a specific domain is responsible for the interaction between TULP1 and Dynamin-1. Before this experiment could be performed, it was necessary to identify the Dynamin-1 isoform expressed in the retina given that a total of eight different splice variants have been identified. 26, 27 To this end, the full-length cDNA corresponding to the retina-specific Dynamin-1 isoform was amplified by RT-PCR from retinal cDNA by oligonucleotide primers complementary to all Dynamin-1 splice variants. Sequencing results of the cDNA clones revealed that only one Dynamin-1 isoform is expressed in the mouse retina. There are two reported splicing regions for Dynamin-1. 26 The first region, corresponding to amino acids 399 to 444, contains one of two sequences of identical size but different nucleotide sequences, designated as the a or the b form. The second splicing region is in the C-terminal region making four distinct tails, designated as a, b, c, or d. Our sequencing results indicate that the retina-specific isoform corresponds to the splice variant designated Dynamin-1 (ac). 26 This isoform has a 26-nucleotide deletion causing a frameshift mutation and therefore a premature stop codon truncating the protein at amino acid 814. Figure 3 shows the predicted amino acid sequence of this isoform. The two splicing regions are in bold letters, and the known domains are highlighted in different colors.
Dynamin-1 and TULP1 Domain Interactions
Having cloned the Dynamin-1 isoform expressed in mouse retina, we next sought to determine whether a specific domain of Dynamin-1 is responsible for the interaction with TULP1 in the retina. A series of four GST-Dynamin-1 fusion proteins corresponding to the full-length protein (GST-Dyn1), the Nterminal region (GST-Dyn1-N) consisting of the GTPase domain, the C-terminal region (GST-Dyn1-C) consisting of the PH, GED and PRD domains, and the PRD domain alone (GST-Dyn1-PRD) were generated and used in GST pull-down assays. Figure  4A shows a schematic representation of the truncation series of GST Dynamin-1 fusion proteins. In the pull-down assays, bovine retinal lysates were incubated independently with each of the four GST fusion proteins or with GST alone, and associated proteins were isolated from the lysates with glutathioneSepharose and screened with TULP1 antibodies. Figure 4B shows that binding of TULP1 was detected only with the intact GST-Dyn1 pull-down sample and not with the pull-down samples from lysates incubated with GST-Dyn1-N, GST-Dyn1-C, GST-Dyn1-PRD, or GST alone. Combined, these data suggest that TULP1 interacts with Dynamin-1 and imply that the interaction is dependent on the conformation of the full-length protein and not an isolated region of the protein.
Colocalization of TULP1 and Dynamin-1 in the Retina
Given our IP and pull-down results that indicate Dynamin-1 and TULP1 interact, we sought evidence of an association in a cellular context by localizing the two proteins in the retina. Figure 5 shows 10-week-old wild-type mouse retinal sections stained with antibodies to TULP1 and Dynamin-1. Immunohistochemical analysis shows that TULP1 is localized primarily to the photoreceptor inner segments and the OPL, consistent with our previous reports. 13, 20 Dynamin-1 is localized primarily to the OPL and the inner plexiform layer (IPL). There is, however, a reproducible but low-level Dynamin-1 signal in the photoreceptor inner segments. No signal was detected for TULP1 or Dynamin-1 when wild-type retinas were incubated with secondary antibodies alone (data not shown). Our data indicate that TULP1 and Dynamin-1 colocalize primarily to the OPL containing the photoreceptor synaptic terminals and, to a lesser extent, to the inner segments of photoreceptors, providing additional evidence of a possible physiological interaction.
Synaptic Defect in tulp1
؊/؊ Retina Our data indicating that TULP1 and Dynamin-1 colocalize to the OPL suggest that TULP1 may play an important role in establishing or maintaining photoreceptor synaptic terminals.
To evaluate this, we examined retinal function in tulp1
mice. In view of the rapid photoreceptor degeneration in tulp1 Ϫ/Ϫ mice, we focused our analysis on two early time points, P12 and P15. As shown in Figure 6 , tulp1 Ϫ/Ϫ mice retain a normal complement of photoreceptors at P12 (Fig. 6A ) and P15 (Fig. 6B) . At both ages, inner and outer segments are clearly seen, though these are slightly shorter and disorganized in tulp1 Ϫ/Ϫ mice at P15 than in wild-type control littermates. Figure 7A compares ERGs obtained in response to a highintensity stimulus from tulp1 Ϫ/Ϫ mice and control littermates (tulp1 ϩ/Ϫ and tulp1 ϩ/ϩ ) at P12 and P15. In agreement with previous studies, control mice have clear a-and b-waves at P12. 28 These results indicate the presence of functional invaginating synapses between photoreceptors and depolarizing bipolar cells. In P12 tulp1 Ϫ/Ϫ mice, the a-wave is markedly reduced in amplitude. Moreover, a b-wave never rises above the a-wave minimum. By P15, the control response has grown substantially, as the retina matures. At this age in tulp1 Ϫ/Ϫ mice, responses have also matured, and a distinct b-wave component is now observed. To more closely examine responses at P15, Figure 7B presents intensity-response functions for control and tulp1 Ϫ/Ϫ mice. Compared with control, the amplitude of the b-wave is reduced in tulp1 Ϫ/Ϫ throughout the intensity range by approximately the same proportion.
DISCUSSION
TULPs play a vital role in maintaining normal cellular function in the neurons in which they are expressed. TULP1 is expressed specifically in the photoreceptor cells of the retina. Mutations in TULP1 cause retinitis pigmentosa in patients and photoreceptor degeneration in mice. 9 -14 Our initial studies on TULP1 suggested that the protein might play a role in the trafficking of photoreceptor outer segment proteins. 13, 20 To pursue this hypothesis, we reasoned that identifying TULP1 binding partners would be a critical step toward understanding the function of TULP1 in maintaining the health photoreceptors and its participation in the disease process of photoreceptor degeneration. In this study, we isolated a TULP1-containing complex from the retina and identified a neuronal-specific protein, Dynamin-1, that interacts with TULP1. GST pull-down assays supported the binding as specific rather than the result of contamination or background.
Dynamin-1 is an essential component of vesicle formation in receptor-mediated endocytosis, synaptic vesicle recycling, and vesicle trafficking in and out of the TGN. 25, 27 Dynamin-1 is thought to act as a polymeric contractile scaffold at the interface between membranes and actin to generate vesicles at different cellular sites. 29, 30 The protein contains five distinct protein domains: an N-terminal GTPase domain, a middle domain of unknown function, a pleckstrin-homology (PH) domain, a domain with a propensity to form coiled coils (also named the GTPase effector domain [GED]), and a C-terminal proline-rich domain (PRD). Several in vitro and in vivo studies have demonstrated that Dynamin-1 binds to phosphoinositides of membranes through its PH domain and to multiple effector molecules through its PRD domain. 27 The GTPase domain contains the GTP-binding motifs required for guanine-nucleotide binding and hydrolysis. These observations have shown that these distinct domains work synergistically toward vesicle formation and point to a mechanochemical function for Dynamin-1.
Numerous studies have focused on identifying proteins that bind to the different domains of Dynamin-1 and suggest functional and structural roles for each domain. To probe whether a known functional Dynamin-1 domain binds TULP1, we cloned the retina-specific Dynamin-1 isoform and performed in vitro binding assays with a series of Dynamin-1 GST truncation mutants. Distinct Dynamin-1 isoforms may provide functional differences through interacting with various binding proteins and targeting to different intracellular locations, including the plasma membrane and the TGN, where they function in distinct types of vesicle formation that may include polarized neurons. 25, 31 Dynamin-1 isoform sequence differences might specify the binding partners of Dynamin-1 and alter the specificity of targeting through unique interactions with other molecules. The isoform identified in retina has previously been detected in neurons of the rat brain and cultured PC-12 cells. 26 The protein has a substantial alteration in the sequence near the C terminus compared with the classical Dynamin-1 and is predicted to be an 814-amino acid protein. 26 The sequence missing in this isoform is essential for clathrin association, involved in vesicle formation at several stages of the secretory and endocytic pathways. 32 In photoreceptors, post-Golgi transport vesicles do not contain clathrin, suggesting that the expression of this isoform by the retina is plausible. 33 After cloning the Dynamin-1 isoform expressed in retina, we made a series of four truncation mutants fused to GST to perform pull-down assays. Under our assay conditions, TULP1 interacts only with the full-length Dynamin-1 fusion protein and not with the isolated N-terminal, C-terminal, or PRD domains, suggesting a conformation-dependent interaction dictated by the intact Dynamin-1 protein structure. : unbound fraction and the pull-down products using the C-terminal domain of Dynamin-1 (GST-Dyn1-C). Lanes 8, 9: unbound fraction and the pull-down products using the PRD domain of Dynamin-1 (GST-Dyn1-PRD). Lanes 11, 12 : unbound fraction and the pull-down products using full-length Dynamin-1 (GST-Dyn1). Lanes 14, 15: unbound fraction and pull-down products using GST alone. Positions of the molecular mass standards are indicated in kDa. Binding of TULP1 was detected only with the GST-Dyn1 sample and not in the samples from lysates incubated with GST-Dyn1-N, GST-Dyn1-C, GSTDyn1-PRD, or GST alone.
Given our IP and pull-down results indicating that Dynamin-1 and TULP1 interact, we next sought evidence of an association in a cellular context by localizing the two proteins in the retina. Immunohistochemical experiments performed on wild-type mouse retina indicate that Dynamin-1 is expressed primarily in the OPL, IPL, and, to a lesser extent, the inner segments of photoreceptor cells. TULP1 is also localized to the inner segments and photoreceptor synapse in the OPL, in addition to the connecting cilium and perikarya. 13, 20 Our data indicate that TULP1 and Dynamin-1 colocalize in photoreceptor cells, providing additional support for a physiological interaction. In addition, the colocalization observed in the OPL encourages closer examination of the synaptic complex using cell-specific, presynaptic, and postsynaptic markers.
In previous studies, we provided evidence that TULP1 may function in the transport of rhodopsin from its site of synthesis FIGURE 5. TULP1 colocalizes with Dynamin-1 in wild-type mouse retinal sections. Immunofluorescence localization of Tulp1 (green) and Dynamin-1 (red) in 10-week-old wildtype mouse retinal sections. Nuclei are labeled with DAPI (blue). Tulp1 and Dynamin-1 colocalize to the synaptic region and, to a lesser extent, the inner segment of photoreceptor cells. OS, outer segment; IS, inner segment; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Ϫ/Ϫ retinas was normal in thickness, and the OS and IS appeared nearly the same length as in wild-type (wt) littermate controls. The INL was also normal in thickness. (B) At P15, the ONL of tulp1 Ϫ/Ϫ retinas was normal in thickness yet less organized, and the OS appeared slightly shorter and more disorganized than in wild-type littermate controls. Small gaps near the outer limiting membrane were also seen in the ONL of tulp1 Ϫ/Ϫ retinas that were not detected in the wildtype retinas. The INL was of normal thickness. OS, outer segment; IS, inner segment; OPL, outer plexiform layer.
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IOVS, June 2007, Vol. 48, No. 6 in the inner segment through the connecting cilium to its final destination in the outer segment of the photoreceptor cell. 13, 20 This is based on the photoreceptor distribution of TULP1 and the photoreceptor disease phenotype in tulp1 Ϫ/Ϫ mice. As described, TULP1 is localized to specialized compartments of the photoreceptor involved in protein transport. In addition, tulp1 Ϫ/Ϫ mice develop early-onset, progressive photoreceptor degeneration that involve both rods and cones. Before retinal degeneration, rod and cone opsins are mislocalized, and an abnormal accumulation of rhodopsin-bearing extracellular vesicles is found surrounding the ellipsoid region of the inner segments, indicating a misrouting of rhodopsin transport carriers. These results indicate that TULP1 might function in trafficking proteins from the inner segment through the connecting cilium to the outer segment. We recently provided evidence that TULP1 interacts and colocalizes with actin. 21 The actin cytoskeleton is widely believed to play an important role in intracellular protein transport. 34, 35 Numerous studies implicate actin in several processes associated with protein movement, including vesicle assembly and polarized transport. In fact, recently the light-driven translocation of the visual proteins arrestin and transducin have been shown to partially rely on the active motor-driven elements of the actin cytoskeleton. 36 Interestingly, interactions between Dynamin-1 and the actin cytoskeleton have also been reported. 29, 30, 37 Dynamin-1 interacts with several actin-binding proteins and is thought to be intimately involved in actin-membrane dynamics. Because actin and Dynamin-1 have been implicated in the formation and movement of many types of vesicles, interactions between actin, Dynamin-1, and TULP1 have broad implications in protein trafficking specific to the photoreceptor cells. Photoreceptor cells are known to have an active intracellular membrane and protein trafficking system to support their continuous renewal of outer segments and the proteins localized to the outer segments. Here we provide evidence that TULP1 binds and colocalizes with Dynamin-1 in photoreceptor cells, suggesting that TULP1 may be a part of a protein complex involved in the molecular pathway of vesicular protein transport occurring from the inner segment to the outer segment and the synapse.
To further evaluate the photoreceptor synapse in tulp1
retinas, we examined retinal function in young tulp1 Ϫ/Ϫ mice before the onset of photoreceptor cell loss. At P12, the amplitude of the a-wave was reduced, indicative of an abnormality in the phototransduction process. In addition, the b-wave never rose above the baseline at P12. These abnormalities occurred before degeneration, indicating that TULP1 plays an important role developmentally in establishing outer segment function and the photoreceptor-to-bipolar cell synapse. ERG b-wave reductions are noted in a wide range of mutants involving the photoreceptor output synapse. 38 These abnormalities are unlikely to be secondary to an outer segment defect inducing a reduction in photoreceptor light sensitivity. A reduction in the effective stimulus intensity would be expected to cause the relative amplitude of the b-wave to increase, similar to what is seen in wild-type mice when stimulus intensity is decreased. In addition, in other models of photoreceptor degeneration, the b-wave is relatively spared, presumably because of remodeling of the photoreceptor output synapse. 39 These functional studies suggest that it would be worthwhile to examine more closely the synaptic architecture in the developing tulp1 Ϫ/Ϫ retina before significant photoreceptor degeneration occurs.
The localization and interaction studies presented here support a physical interaction between TULP1 and Dynamin-1; however, a functional interaction has yet to be unequivocally established. Our results also support a role for TULP1 in protein trafficking in the photoreceptor cells of the retina and provide evidence that defective protein transport pathways may be a pathologic mechanism responsible for retinal degeneration. Future experiments aimed at identifying the role that TULP1 may play in a transport pathway will help to clarify a poorly understood aspect of photoreceptor biology relevant to human retinal disease. Ϫ/Ϫ ; 6 control). At both ages, there was a clear reduction in overall amplitude, and the b-wave component was essentially missing at P12. (B) Intensity-response functions for the ERG b-wave at P15. When plotted on a log amplitude axis, the amplitude of the b-wave is reduced proportionately across flash intensity.
